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MISCELLANEOUS "KHNICAL DATA 
1.0 GE?TERAL 
This appendix incorporates  a l l  remaining technica l  data ,  o the r  than 
drawings and ca l ib ra t ions .  
2.0 HIGH MELTING POINT MATERIALS 
A general  survey of high melting point  materials, from 3000'F t o  
6800°F has been made, and is presented i n  Table No. 2-1. This t a b l e  
has  been compiled as a quick reference a i d  for fu tu re  research.  
2.1 ProDerties of Refractory Mater ia ls  
As s t a t e d  i n  numerous papers, t h e  accumulated knowledge concerning the  
p rope r t i e s  of r e f r ac to ry  mater ia l s  is i n  a s t a t e  of constant  change. The 
most comprehensive + a b d a t i o n  of c h a r a c t e r i s t i c s  found by ACL during 
t h i s  program was incorporated i n  a recent  papefl .  ACL obtained per- 
mission from the  authors  t o  reproduce Tables 2-2 through 2-7 from 
t h i s  paper. 
*%)da t ing  t h e  Refractory Mater ia ls ,  Machine Design, October 22, 196.4, 
E.G. Kendall, !lead, Metallurgy and Ceramics, and J . D .  McClelhnd, IIead, 
Applied Physics, Mater ia ls  Sciences Laboratory, Aerospace Corp., 









XGFI :MELTING-FTI'INT MATERIALS" 
I .  ; /,' 
i 
Materials Melting Point, OF 
+* 
Niobium carb ide  ( N X  i 6800 
Graphite ( C )  6700 
Zirconium carbide ( Z r C )  6400 
Tungsten (W) 6098 
Titanium n i t r i d e  (Ti:!) 5 800 
I 
%rim phosphide ( PajP2) 5790 
Titar,ii:m carbide ( T i c  1 5700 
Tantalum ( T a )  5440 
Zirconiirm n i t r i d e  ( Z r W )  5490 
Vanadium carbide ( V C )  5090 
Strontium z i rconate  (SrO.Zr02) 5070 
Magnesim oxide (Mu) 
Zirconium oxide ( Z r O 2 )  
Molybdenum (Mo) 
R a r i i i m  z i rconate  (?jao.zr02) 
Cerium oxide (CeC'2) 
C a l c i m  oxide (Ca0) 








Materials MeltinE Point, O F  
Molybdenum carb ide  (Mo2C) 
Zircon ( zrsi04) 
Berjl l ium oxide (Reo) 
Cerium siilphide (SeS) 
Strontiim oxide ( SrO) 
Si l icon  oxide (S i0)  
Yttrium oxide (Y2C3) 
Niobium (Nb) 
Columbium (Cb) 
Vanadium n i t r i d e  (VN)  
Calcium z i rconate  ( ~ a . z r 0 2 )  
Chromium oxide (Cr203) 
Zirconium s il i c  ides  
( ~ r 3 ~ i 2 ,  ~ r h s i 3 ,  zr6si5) 
Aluminum n i t r i d e  ( A 1 N )  
S i l i con  carb ide  ( S i c )  
Barium sulphide (Bas) 
Beryllium n i t r i d e  ( Be3V4) 
























Materials Melting Point, OF 
Chromium aluminide ( C r A l )  ' 
Molybdenum aluminide (Mo3Al) 
Spinel (MgA120~) 
Titanium dioxide (Ti02) 
Calcium s i l i c a t e  (2CaO.Si02) 
Titanium s i l i c i d e  (Ti5Si3) 
Beryllium carb ide  (Be$) 
Aluminum oxide ( A1203 
Niobium n i t r i d e  ( N b N )  
Molybdenum d i s i l i c i d e  (MoSi2) 
Nickel oxide-aluminum oxide 
( Ria. ~ 1 2 0 3  ) 
Reryllium s i l i c a t e  (2BeO.Si02) 
9ariim oxide-aluminum oxide 
( BaO. ~ 1 2 0 3  
Magnesium sulphide- 
strontium sulphide (MgS, S r s )  
Nickel oxide ( N i O )  


















Materials Melting Point, O F  
B e r y l l i u m  oxide-aluminum oxide 3470 
( b o .  ~ 1 2 0 3  ) 
Si l i con  n i t r i d e  (Si3N4) 3452 
Chromium carbide ( C r 3 C Z )  34-40 
Chromium (Cr) 3430 
Zirconium ( Z r )  33 50 
Molybdenum be ry l l i de  (MoBe2) 3344 
Mullite (3A1203.2Si02) 3290 
Zirconium be ry l l i de  ( Z r R e g )  3180 
Vanadium ( V )  3150 
S i l i con  dioxide (Si02) 3110 
Vanadium d i s i l i c i d e  (VSi2) 3020-3180 
Molybdenum aluminide ( MoAl) 3WO 
Titanium ( T i )  3074 
Nickel aluminide ( N i A 1 )  3000 
Zirconium aluminide (ZrA12) 3000 
Zirconium d i s i l i c i d e  (ZrSi2) 3092 
"Partially taken from: Miss i le  Design & Development, April. 1958 
TABLE 2-2 __ 
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TABLE 2-3  _ _ _  - 
PROPERTIES O F  COMMERCIAL GRAPHITES 
-__ - ._ . - _ _  
~ -- 
Thl.ll7l.l ('brfflrlemt of Ehtrlrr l  3lodul11n of Coampmnnlw P b a u u  
0I.pUU Candurtlvlty Thrrmsl R r P ~ l J o n  Rrrlnllvlty Elmnllrlty Rlrrnyth 8tm8th 
teal/cm-nec-deu ('> (In fln.-deg C j  ( L  ohm-ern h (IO' pal\ (10' p.1) f 10' pal b 
' 8 .  as- ws au HI R R  W(c WY aR WE nu 
ATJ Nnt'l Carbon 0.27 0.27 2 2  3.4 1200 1400 1.40 1.15 8.3 8.6 3.3 3.3 
10 9 3.8 3.0 
HLM-85, Great Lakes . . .  . . .  2.2 3.4 700 1000 1.5 . . 7.2 7.0 3.5 2.7 
3499. Speer 0.24 . . .  3.2 4.4 450 . . . .  0.8 . . .  0.0 0.5 3.6 . . 
8882. Speer 3.8 5.0 350 . _ .  . . .  . . .  7.8 8.5 3.a 3.0 
890 T. Speer . .  2.0 ' 3 . 8  240 . . .  . . .  . . .  0.5 . . .  3.7 . . 
AHDJ. Am. Metal 0.24 1.7 14 800 900 1.30 . . .  10 . .  3.7 . . 
PG o 4- 0 nos- 0.5-1.7 7.5- 200- 2.5- 3.75 , . . 14 50-82 23 . .  
RVA, Nat'l Carbon 0.26 0.22 1.6 2.8 1200 1600 184 130 
5.9 2.3 ATZ, Nat'l carbon 0.35 0.20 0.6 8.5 700 2300 2 8Q 0.73 8.9 11.4 
CFZ. Nat'l Carbon 0.31 0.31 2.0 i2 .5  1100 1300 1.87 1.55 10.0 11.0 3.0 3.2 
6.0 5.8 9.0 3.6 MHLM-85. Great Lakes . . . . .  . . .  2.8 2.7 800 1.5 1.5 
. . .  . . .  
1 o O O ~ R  22.0 500 8 X 105 
__ 
*wg = with grnin. ag against grain. 
TABLE 2 - 4  
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TAELE: 2-6 -__ __ 
PROPERTIF S O F  RE:FR,IZCTOHY DO1ITI)KS 
37 (25) 
50 ( 2 5 )  230 (25) 
29 ( 2 5 )  
(Tensile) 
29-44 (25) 3000 0 040 (25 )  . . .  
o 017 o 0 ~ 2  ( 00) 
60 (25)  97 (20) 
I950 
3i25 w n )  
. . .  
6 
- 
TABLE - 2 -7  
PROPERTIES O F  REFRACTORY BERYLLIDES 
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3 .c) F A R R I C A T I O N  OF TUYICSTEN 
3.1 Cold Working 
One of t he  most pe r s i s t en t  problems encountered i n  f ab r i ca t ing  gauges 
made from vapor deposited Tungsten i s  i n  preventing development of work 
s t r a i n s  i n  the  material during grinding and c u t t i n g  operations.  
The reasons f o r  concern are r e l a t ed  t o  the  cause of failure i n  pre- 
v ious ly  tes tebkamples .  Fai lures  examined under a microscope exhibi ted 
very l a rge  grain growth, similar t o  t h a t  seen i n  s in te red ,  r ec rys t a l l i zed  
i 
Tungsten. 
and s t a tkc  loading, it is necessary t o  r e a l i z e  the  physical d i f fe rences  
i n  the  g ra in  s t ruc tu re  of t he  two types of material, although both a r e  
b y centered i n  basic s t ruc ture .  
To understand the  mechanics of such failures under dynamic 
' /  
, I  
/ 
Y , .  
3.2 Sintered Tunnstkn 
I' 
These material! a r e  in tens ive ly  worked both during t h e  s in t e r ing  process, 
and during thejdrawing process. This i s  p a r t i c u l a r l y  t r u e  of tubing. 
Microscogic examination of etched samples revea ls  the formation of 
extremely la rge  grains ,  associated with embrittlement, and l o w  s t rength.  
Such material i s  not  su i t ed  t o  use i n  thermocouple gauges where the  
assembly is  t o  be subjected t o  vibrat ion,  shock, and thermo-aerodynamic 
loading during use. Fa i lu re s  a re  siidden and invar iab ly  castrophic ,  as 
would be seen i n  glass.  
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F 
Vapor Deoosited Fmm'sten 
Th i s  rriaterial, i n  i t s  as-deposited form, because of t h e  re1ativel.y 
ma11 gra in  s i ze ,  and very high pur i ty ,  approaches a monolithic physical  
construct ion,  with the  at tendant  advantages of high s t rength,  and prac- 
t i c a l l y  no tendency t o  nucleizat ion f o r  t h e  growth of l a r c e  p a i n s .  
Embr it t 7- ement 
Although t h e , l i t e r a t u r e  i s  very sparse on grain growth i n  the  vapor 
deposited material, s u f f i c i e n t  tes t  data have been taken t o  form a 
b a s i s  f o r  some conclusions as t o  des i rab le  procedures. These conclu- 
s ions  may be set up as basic ru l e s  f o r  working the material. It had 
been noted, i n  e a r l y  a t tempts  t o  u t i l i z e  the  mater ia l  i n  high temp- 
erature s t ruc tu res ,  t h a t  there seemed t o  be a tendency toward develop- 
ment ./of embritklement w i t h  heat,  af ter  the  first temperature cycle. 
TBbs condi t ion \Jas analogous t o  that condi t ion seen i n  Tungsten w i r e  
(.k&tI - .I251 i h i c h  t y p i c a l l y  s h a t t e r s  irnder s t r e s s  a f t e r  r ec rys t a l -  
l i z a t i o n  a t  a w u t  21'30°F. This c h a r a c t e r i s t i c  has been noted i n  the  
vapor deposited mater ia l ,  but  can also be r e l a t e d  50 t h e  ex ten t  and 




A so lu t ion  t o  t h e  problem vas approached, assuming t h a t  t he  r e s i s t ance  
to,,,passive grain grovth could be maintained, i f  nuc le i  f o r  such p i n  \ 
1 
ggowth could be avoided during cold working and surface 
{ A  s ries of 40 tubes, designed f o r  long-term continuous P 
9 
f in i sh ing .  




3.4 h b r i t t l e m e n t  (Cont’d.) 
r e a c t o r  (1600°C, 500 hours) were fabr ica ted ,  with to l e rances  held as 
c l o s e  as possible.  
f i n a l  forming done with chemical mill ing.  
failure was noted. The cause of t h i s  f a i l u r e  i s  not y e t  known, but 
t h e r e  i s  good cause t o  believe the f i n i s h i n g  process used i s  c r i t i c a l ,  
and i f  cont ro l led  is  successful i n  preventing l a r g e  gra in  formation. 
Obviously, t he  most des i r ab le  process would e l imina te  t h e  need f o r  
e i t h e r  grinding, or any o the r  kind of co ld  working. A t  t h i s  time, t h i s  
can be achieved only with very ca re fu l  a t t e n t i o n  t o  design of t he  form- 
i n g  mandrels, and some s a c r i f i c e  of sur face  appearance i n  t h e  f in i shed  
p a r t s  . 
Working was confined t o  l i g h t  sur face  grinding, with 
O f  t hese  40 parts, only one 
MATRRTALS TEST 
Eecause of concern with t h e  strength and d u c t i l i t y  of t he  sheath material 
used i n  t h e  Type 4735 gages, an attempt w a s  made t o  a s c e r t a i n  seve ra l  
c h a r a c t e r i s t i c s  over t h e  temperature range from ambient t o  the  b r i t t l e -  
to -duc t i le  t r a n s i t i o n  temperature. 
is a b r i t t l e  material a t  normal temperatures. A general  consensus seemed 
t o  be t h a t  vapor deposited Tungsten d id  not develop d u c t i l i t y  a t  any 
temperature, and t h a t  vapor deposited Tungsten tubing exhib i ted  l i t t l e  
or no room temperature strength.  
i s  not true because of t h e  shock and v ib ra t ion  t e s t s  run very early i n  
t h i s  pro jec t .  A s e r ious  concern has  ex is ted ,  however, as t o  whether t h e  
It  i s  w e l l  e s t ab l i shed  t h a t  Tungsten 






4.0 MATERIALS TEST (Cant' d. ) 











s t rength ,  a t  room temperatures. 
The b r i t t l e - to -duc t i l e  t r a n s i t i o n  temperature has been e s t ab l i shed  
as  approximately 4OOOC. 
Four Tungsten tubes, each 3/8 inch long, .250 inch in s ide  diameter, 
and .030 w a l l  th ichness  were prepared f o r  t h e  test .  Two of t h e  tubes 
were sur face  ground on a belt-sander t o  remove t h e  rough, as-received 
surface.  
ing. The specimens were then placed ho r i zon ta l ly  between t h e  p l a t ens  of 
a compression tester and loaded r a d i a l l y  u n t i l  failure occurred. Fa i lu re  
was defined as  occurring when t h e  tube collapsed. 
shows t h e  results of t h i s  test. 
Approximately .005 inch of material was removed i n  t h e  grind- 











a t  Fa i lu re  
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MATTRIAIS TEST (Cont'd.) 4" 4-Q 
One of the  points of concern had been t h a t  grinding would provide 
a detrimental  condition, i n  t h a t  it would c r e a t e  small surface marks 
t h a t  might aggravate the  known notch-sensi t ivi ty  of t he  Tungsten. 
r e s u l t s  of the  tes t  ind ica te  tha t  surface grinding a c t u a l l y  improved t h e  
s t rength  of the  material, under the  condi t ions of tes t ,  by aboat 50%. 
The nature  of t he  f r a c t u r e s  i n  the material a t  f a i l u r e  support the  argu- 
ment t h a t  t he  grinding removed very sharply def iced microscopic peaks 
and va l leys  i n  +,he surface of t h e  material, thus el iminat ing inc ip ien t  
po in t s  of f a i l u r e  due t o  stress concentration. The mground specimens 
both broke ax ia l ly ,  with long cleavages. 
a nearly explosive type of f r ac tu re  with very small pieces  r e s u l t i n g  
from the  f r ac tu re ,  and developed no well-defined pa t t e rn  of cleavage. 
I t  would appear, then, t h a t  grinding the  sur face  permits higher loading 
by permitt ing the  locked-in s t r e s ses  t o  bui ld  t o  a higher  value, with 
cleavage along 8 random pat te rn  of p a i n  boundaries when t h e  s t r e s s e s  
a r e  re l ieved  a t  f a i l u r e .  
The 
The gro i id  specimens s idfered  
5.0 FORMING MANDRTLS 
The mandrels used t o  form t h e  f i r s t  generation sheaths were made i n  two 
pieces .  D i f f i cu l ty  was encountered i n  withdrawing the  two-piece mandrels 
from the  sheaths because of adherence between the Tungsten and mild s t e e l  
of t he  mandrel. It w a s  necessary, therefore ,  t o  e t ch  t h e  s t e e l  out with 
concentrated hydrochloric acid.  Although t h i s  method works, it i s  t i m e -  
12 





FORMING MANDELS (Cont d. ) 
consuming and introduces the  p o s s i b i l i t y  t h a t  a small piece of steel 
may be l e f t  i n  t h e  t i p ,  near the junction. The present mandrels are 
one-piece construction. 
d i f f i c u l t ,  t he re  i s  a ne t  saving i n  t i m e ,  and the  probabi l i ty  of 
successful  mandrel withdraval i s  increased. 
then is  used t o  determine whether a l l  steel has been removed. If 
necessary, any remaining steel can be etched out. Should any s t e e l  
remain i n  the  sheath, it w i l l  l i q u i f y  with increase i n  temperature, and, 
s ince  Tungsten i s  soluble  i n  molten s t e e l ,  a f a i l u r e  could result. 
Although the  formation appears somewhat more 
A simple q u a l i t a t i v e  tes t  
POST MORTEM EXAMINATIOK, TYm 4734 GATJCFS 
The two Type 4734 gauges previously t e s t e d  a t  N.A.S.A. i n  a sca l e  
rocket  engine were disassembled and examined. 
Gauge S e r i a l  No. 003 
This  probe was run a t  10 diameters downstream of the rocket nozzle. 
An open c i r c u i t  w a s  observed a f t e r  3 seconds. 
p a r t  quickly revealed t h a t  t h e  jvmction had been melted away, thus 
explaining t h e  open c i r c u i t .  
and t h e  piece p a r t s  were examined. 
The examination of t he  
The probe w a s  completely disassembled, 
The sheath w a s  found t o  be severely eroded for about two inches from 
t h e  de f l ec t ion  sh ie ld  used f o r  mounting, although the  f r o n t  port ion was 
Appendix 3 
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6.1 Gauge S e r i a l  No. 003 (Cont'd.) 
r e l a t i v e l y  undamaged except for t he  t i p  i t s e l f .  
It  is believed t h a t  t he  s t e e l  of t he  def lec t ion  sh ie ld  flowed back up 
t h e  sheath upon melting. 
i n t o  so lu t ion  as the  s t e e l  floved forward. 
laminar separat ion would seem t o  support t h i s  be l i e f s .  
Tungsten, being soluble  i n  molten s t e e l ,  went 
Boundary l aye r  theory of 
In t e rna l ly ,  t he  brazed j o i n t  between t h e  copper conductor and t h e  
Tungsten sheath remained i n t a c t ,  as d id  t h e  brazed j o i n t  between the  
Tungsten Rhenium cen te r  conductor and i ts  cupro-nickel l ead  wire. In  
the  region of t h e  copper j o i n t ,  t h e  Beryllium oxide was i n t a c t ,  although 
it had melted near  t h e  t i p .  Ateflon s e a l  a t  t he  back end of t he  body of 
t h e  gauge vas undamaged. The s t a i n l e s s  steel of t h e  body w a s  undamaged. 
A l l  screw-joint p a r t s  functioned normally. 
6.2 Gauge S e r i a l  No. 001 
This probe w a s  pin at, 40 diameters for 1 5  seconds, shut  down and rein-  
s t s l l e d  a t  20 diameters, then run for 10 seconds. 
Upon r ece ip t  of t h e  gauge t h e  sheath was broken a t  a point  j u s t  ins ide  
t h e  mounting f i t t i n g .  The break w a s  t y p i c a l  of t h e  type of break pre- 
v ious ly  induced i n  the  4734 shesths by a shsrp-edged blow, or excessive 
shock. The hroken faces of t he  sheath show evidence of oxidation, which 
I4 
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6.2 Gauge S e r i a l  No. 001 (Cont'd.) 
i nd ica t e s  t h e  break occurred during o r  p r i o r  t o  t h e  run. 
The junction was found t o  be in t ac t ,  as w e l l  as a l l  o the r  e l e c t r i c a l  
connections. 
7.0 FORM .4ND DRAG 
7.1 Discussion 
The a t t i t u d e  of t h e  gauge r e l a t i v e  t o  flow i s  important t o  t h e  
designer, when t h e  performance objec t ives  of l i f e ,  response, resistance 
t o  oxidation, erosion, shock, vibration, and loads caused by immersion 
i n  t h e  flow a r e  considered. 
There are e s s e n t i a l l y  th ree  conditions of a t t i t u d e  relative t o  flow 
t o  be considered: 
a. With t h e  gauge mounted t r ansve r se  t o  flow, and with flow 
impingement normal t o  the  long i tud ina l  c e n t e r l i n e  of t h e  gauge. 
With  t h e  gauge mounted such t h a t  flow i s  parallel t o  t h e  
long i tud ina l  cen te r l ine  of t h e  gauge, w i t h  t h e  medium 
impinging on its t i p .  
With t h e  gauge mounted such t h a t  t h e  flow i s  turbulen t ,  
stagnated, or with unpredictable flow vectors.  
b. 
C .  
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7.2 Trsnsverse or P a r a l l e l  Mountin< 
If t h e  p u g e s  were mounted i n  a medium with a wel l -es tab l i shed  and 
defined flow pa t te rn ,  it follows that attainment of t h e  d i f f e r e n t  design 
ob jec t ives  would be a f f ec t ed  as described i n  t h e  following pangraphs .  
7.3 Mountinn Considerations 
If t h e  gauge i s  mounted e i t h e r  t ransverse  t o  flow, or p a r a l l e l  t o  
flow, response t o  a step-function change of temperature w i l l  be inverse ly  
r e l a t e d  t o  t h e  mass ve loc i ty  seen i n  t h e  region of t h e  junction, Response 
is a l s o  a function of t h e  mass of t h e  t i p  s t r u c t u r e  and t h e  junction, as 
w e l l  as t h e  d i f f u s i v i t y  of t h e  materials, Thus, t h e  most favorable con- 
d i t i o n s  for f a s t  response a r e  those of high ve loc i ty ,  low mass i n  t h e  gauge 
t i p ,  and good thermal t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  materials. 
conversely, t h e  gauge i s  mounted i n  a region where t h e r e  i s  no flow, or 
very low flow, response is  predicated upon t h e  mass of the  junction and 
i t s  s t ruc tu re ,  and t h e  thermal c h a r a c t e r i s t i c s  of t h e  materials. Thus, 
t h e  designer i s  on t h e  horns of a dilemma i f  he i s  faced with t h e  require- 
ment of designing a probe t o  s a t i s f y  both general requirements: i .e.  no 
flow, and high mass ve loc i ty .  
another dilemma, i n  t h a t  he can not extend t h e  l i f e  of t h e  gauge by 
employing a s t r u c t u r e  of high mass i n  a high mass v e l o c i t y  flow, i f  he 
i s  t o  meet t h e  fas t  response requirement i n  a no-flow condition. 
mass s t ruc tu re ,  w i t h  fas t  response under no-flow, simply does not  lend 
i t se l f  t o  immersion i n  a high mass v e l o c i t y  medium because of t h e  
I f ,  





7.3 Mounting Considerations (Cont'd.) 
acce le ra t ed  effects of erosion and oxidation. 
There is, addi t iona l ly ,  t h e  requirement of r e s i s t a n c e  t o  t h e  effects 
of v ib ra t ion  and shock t o  be considered. The des i r ab le  structure would 
have a small can t i l eve r ,  with decreasing mass from t h e  base t o  the  t i p ,  
a n a t u r a l  frequency of t h e  basic structure outs ide  t h e  v ib ra t ion  spectrum 
t o  be encountered, and high i n t e r n a l  damping. 
For r e s i s t ance  t o  bending and shear fo rces  developed during exposure t o  
high ve loc i ty  flows, t h e  immersed por t ion  of t h e  gauge should have a 
geometry which incorporates low drag c h a r a c t e r i s t i c s  over a wide range 
of  mach numbers, from subsonic t o  supersonic, 
of sound i n  a given medium is  r e l a t e d  only t o  temperature, a preliminary 
inves t iga t ion  of t h e  mach numbers l i k e l y  t o  be encoantered was made, and 
i s  presented later. 
immersion i n  t h e  flow are t h e  double wedge, s i n g l e  wedge, and biconvex. 
Since t h e  l o c a l  ve loc i ty  
Suggested cross-sectional shapes s u i t a b l e  f o r  
7 .I No-Flow Considerations 
I t  is apparent t h a t  t h e  response of t h e  gauge w i l l  have t o  meet c e r t a i n  
minimum requirements. Under no-flow, or unpredictably turbulen t  con- 








It is f e l t ,  a t  t h i s  s tage  of t h e  program, t h a t  t h e  geometry o r  t h e  
immersed por t ion  of t h e  probe w i l l  very heavi ly  influence t h e  i n t e r n a l  
design f ea tu res  because of physical spacing ava i lab le .  Therefore, a 
preliminary inves t iga t ion  of free-standing shapes f o r  t h e  flow f i e l d  
w a s  s t a r t ed .  Results of t h i s  i nves t iga t ion  are given below. 
7.6 Mach PJmbers i n  t h e  Flow 
The k of the  medium i s  not presently known. 
known how !& w i l l  vary, with time and temperature. 
of M were ca l cu la t ed  f o r  % from 1.0 t o  1.5, Absolute Temperatures from 
773OC t o  3273OC, and l o c a l  v e l o c i t i e s  of 1000 t o  5000 feet  pe r  second. 





Local speed of sound w a s  ca lcu la ted  with the following r e l a t ionsh ip ;  
which gives exact values. 
a2 = YRT 
Where : 
a = local speed of sound, f e e t  per second 
'd 
R 7 universa l  gas constant,  dimensionless 
TA = temperature, OC absolu te  
r a t i o  of spec i f i c  hea ts ,  % dimensionless 
cv 
Mach numbers for M = V/a a t  d i sc re t e  values of T, and V were then 
ca lcu la ted ,  and t h e  da ta  p lo t t ed  as a complex graph, (See Figure 7-1) 




7.6 Yach Numbers i n  t h e  Flow (Cont’d.) 
parametms given above. 
i f  t h e  extremes of conditions within t h e  t o t a l  envelope of t h e  values 
se l ec t ed  f o r  ca l cu la t ion  were encountered, t h e  l o c a l  Mach number could 
vary from M : 3.25 a t  
M = .25 a t  ‘d = 1.5, V 7 1000 ft/sec,  snd TA = 3273OC. 
It i s  seen, from t h e  graph of Figure 7-1, t h a t  
7 1.9, V = 5000 ft/sec and TA = 773% t o  
It is  r ea l i zed  t h a t  such wide va r i a t ions  w i l l  not be seen under a c t u a l  
s t a b i l i z e d  flow conditions.  Yowever, it i s  expected t h a t  a c t u a l  Mach 
numbers w i l l  f a l l  wi th in  t h e  calculated envelope. 
t h a t  f luc tua t ions  i n  any parameter can s h i f t  t h e  Mach number by a con- 
s ide rab le  amount, and t h a t  resolution of t h e  opera t iona l  p r o f i l e  mst 
be accomplished before a f i n a l  s e l ec t ion  of t h e  geometry of t he  free- 
standing m e m k r  can be made, and a minimum - drag, maximum s t r eng th  
p r o k  f o r  accomodation of a l l  parameters will be extremely unlikely,  
i f  not impossible. It i s  possible, however, t o  hypothesize a probe 
cross-section t o  operate within the  envelope, which would exemplify 
des i r ab le  c h a r a c t e r i s t i c s  i n  a widely f l u c t u a t i n g  flow f i e l d .  
It  i s  s e m ,  moreover, 
7.7 The Hypothetical Probe 
a. Generid 1. 
It w i l l .  be assumed, i n  t h i s  discussion, t h a t :  
1.) Maximum temperature = 3OOOOC 
2.) 
3.) !??2 = 1.4 (approximately) 





7.7 The Hmothe t ica l  Probe (Cont'd.) 
This set of parameters y i e lds  a Mach regime from about M : .9 t o  M = 1.5 
as t h e  absollite temperature changes from abmt 1273OC t o  3273OC. 
Since the  flow may be expected, then, t o  f luc t l ia te  from subsonic t o  
supersonic,  the  charac te r  of the r eac t ion  of a m e m b e r  immersed i n  both 
subsonic and super sonic flow mist be considered. F i r s t ,  t he  nature  of 
the mathematical equations ilsed t o  es t imate  coe f f i c i en t s  of process w i l l  
change from e l l i p t i c a l  a t  subsonic flow, t o  parabolic a t  supersonic f l a w ,  
which changes the  (M2 - 1) 1/2 term of siich equations from imaginary t o  
r e a l .  This r e w e s e n t s  a fundamental chsqge i n  flow pa t te rn ,  which says 't 
t h a t ,  a t  siipersonic ve loc i t i e s ,  no warning of t he  presence of a s o l i d  . 
body is t ransmit ted ahead of the body. 
It  can be shown t h a t ,  i n  accordance with Ackeret 's  first order  theor j ,  
drag and increase of' drag with incidence r e t a i n  the same sign as a t  
subsonic speeds. 
Ackeret theory, now has a second order  Rusemann term and  changes i n  
However, t h e  angle  of minimum drag, which i s  zero on 
s ign  when going supersonic. 
7.8 Supersonic Flov 
It can k e  fu r the r  shown t h a t  the s ing le  o r  double wedge is  a des i rab le  
c r o s s  sec t iona l  shape f o r  immersion i n  a supersonic flow, when rnhimm 
drag i s  a primary consideration, although such a shape, examined under 
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7.8 Supersonic Flow (Cont'd.) 
two-dimensional theory, exh ib i t s  undesirable l i f t  c h a r a c t e r i s t i c s .  
Since design requirements need not be concerned with l i f t ,  a shape 
e x h i b i t i n g  low drag and poor l i f t  under both subsonic and supersonic 
f l o w  i s  indicated.  
i s fy  these  conditions.  
A properly designed wedge or double wedge may sat- 
7.9 Double Wedge (Rhombus) 
I t  i s  assumed f o r  purposes of discussion t h a t  streamlines i n  t h e  flow 
can be represented with a s e t  of p a r a l l e l ,  equ id i s t an t  l i nes .  These 
l i n e s  w i l l  be deviated i rn t i l  they are p a r a l l e l  t o  t h e  en te r ing  sur faces  
of  t h e  rhombw by t h e  a t tached  shock. 
each surface u n t i l  it a r r i v e s  a t  t h e  beginning of t he  expansion around 
t h e  poin t  of maximum thickness.  
it is  swung around t h e  corner, increasing speed and decreasing pressure 
u n t i l  t h e  Mach angle i n  t h e  faster flow on t h e  rear sur face  i s  a t ta ined .  
The expansion then ceases, and the  flow continues u n t i l  t h e  compression 
shock a t  t h e  t r a i l i n g  edge i s  reached. 
w i th  t h e  o r i g i n a l  undisturbed streamlines. 
both s i d e s  of t h e  rhombus, and the flow f r o m  both s i d e s  joins  without 
d i scont inui ty .  This does not mean, however, t h a t  fo rces  cancel and 
ze ro  drag r e s u l t s .  
r e q u i r e s  energy, and shows up as wave drag. 
The flow continues p a r a l l e l  t o  
A s  t h e  flow goes through the  expansion, 
The flow i s  then turned p a r a l l e l  
This process obta ins  f o r  




7.10 Sinale Wedge 
The general arguments applicable t o  t h e  symmetrical double wedge apply 
as w e l l  t o  t he  s ing le  wedge, under first order  Ackeret theory. In  the  
case where a bluff  trailing edge i s  employed i n  the s ing le  wedge, a 
f r i c t i o n  wake develops. 
not be ca lcu la ted  because of breakaway of flow, but it has been measured. 
These values have been used, then, i n  ca l cu la t ing  drag coe f f i c i en t s  for 
varioiis thickness t o  chord ( t / c>  r a t i o s  which ind ica te  t h a t  t he  single 
The absolute pressure over t h e  bluff  base can 
wedge o f f e r s  an advantage over t h e  double wedge for r a t i o s  over 12%. 
Ratios of absolute base pressure t o  f r e e  stream s t a t i c  pressure i n  the  
order  of 1/3 have been measured i n  wind tunnel  tests a t  Mach numbers 
near 1.5. It can a l s o  be shown that, even with a vacuum on t h e  base 
of a s ing le  wedge, t h e  c r i t i c a l  r a t i o  is only 20%, above which a con- 
s iderable  advantage i n  reduction of drag, as compared with t h e  double 
wedge, i s  rea l ized .  
A s k e t c h  showing p i c t o r i a l l y  the various condi t ions discussed above, 




FIGURE NO. 7-2 
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7.11 Analysis, Aerodvnamic Loading 
All information, regarding t h e  medium i n  which t h e  gauges w i l l  run, 
has not been received. 
A general  assessment can be made, however, of t h e  e f f e c t s  of aerodynamic 
loading, i n  a r b i t r a r y  terms. 
prototype gauges was used i n  preparing t h e  estimates of form drag and 
shock drag shown i n  Fi,gures 7-3 and 7-4, respectively.  
Therefore, a d e f i n i t i v e  ana lys i s  i s  not possible.  
The general  geometry of t h e  Type 4735 
7.12 Form Drag 
The form drag was ca lcu la t ed  f o r  a pro jec ted  area of 2.36 x 
medium ve loc i ty  t o  5000 ft/sec, and medium d e n s i t i e s  of 2.045 x 10-3, 
2.37 x 10-3 and 3.567 x 10-3 slugs pe r  ft .3.  The curves are shown i n  
Figure 7-4, with maxima from 55 pounds t o  95 pounds. 
depth of 1.8 inches vas hypothesized. 
assoc ia ted  with form drag. 
computations. 
seen i n  t e s t s  of o the r  gauges of similar type. 
that a shock condition may have ex is ted .  
ft.', 
An immersion 
These curves take t h e  usua l  shape 
A drag c o e f f i c i e n t  of 0.9 was used i n  a l l  
The loads thus  ind ica ted  d id  no t  account f o r  f a i l u r e s  
Therefore it was suspected 
7.13 Shock Drag 
To obta in  an estimate of shock drag, a geometry similar t o  t h e  Type 4735 
gauge, but incorporating a Biconvex c r o s s  sec t ion  with a t /c  r a t i o  of 
37.5% was hypothesized, and it was assumed t h a t  t h e  flow would t o  super- 
sonic  a t  some poin t  i n  the  temperature-velocity regime. 
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7.13 Shock Drag (Cont'd.) 
The projected area w a s  estimated a t  1.547 x 10-3 ft.2 a t  1.8 inches 
immersion depth. The r a t i o  of spec i f i c  hea ts  of t he  medium a t  1.3, 
and a value of 58 w a s  given 2K. 
ambient, was corrected f o r  t he  d i s c r e t e  temperatures of 773OX, 1273OK, 
2273OK and 3273OK, se l ec t ed  f o r  t h e  estimate.  Veloc i t ies  of 2000, 3000, 
4000, and 5000 f t / sec  were l ikewise used. 
were p lo t ted ,  using a modified ' 'carpet' '  technique, and are shown i n  
Figure 7-5. 
Density, taken a t  0.56 x 10-3, a t  
Results of t h e  computations 
Tt; is  emphasized that,, s ince values sei-ected f o r  t he  various parameters 
were not, necessar i ly  those t o  be a c t u a l l y  encountered i n  use, no s igni f -  
icance csn be placed on ang data point  i n  the carpet .  
does ind ica te  t h a t ,  depending upon t h e  combinstion of temperature and 
ve loc i ty  a t t a ined  a t  l i g h t - o f f ,  and during t h e  shor t  t i m e  i n t e r n a l  
t h e r e a f t e r ,  un t i l  s t a b i l i t y  i s  reached, t he re  i s  a p o s s i b i l i t y  of an 
extremely l a rge  load "spike" occurring f o r  n br i e f  period of time, and 
3 consequent ca tas t rophic  f a i l u r e  i n  the immersed m e m b e r ,  i f  loaded 
t ransversely.  The exis tance of such "spikes" i n  o ther  tests has been 
suspected f o r  some time. No o ther  reasonable explanation has been 
advanced for random, dramatic f a i l u r e s  of probes being t e s t e d  i n  various 
engines and ?PIS generators.  Such f a i l u r e s  have been invar iab ly  associ-  
a t e d  with fuel-r ich s t a r t s  and/or unstable  burning. That events  i n  the  
sequence of i gn i t i on  and combustion happer? i n  very sho r t  time i n t e r v a l s  
i s  w e l l  known; v i s :  
IIowever, t he  graph 




7.13 Shock Draq (Cont'd.) 
suspected presence of a shor t  duration, very high temperature spike i n  
a cur ren t ,  l a rge  r eac t ion  motor. 
The two es t imates  of dynamic loading given above are not based upon 
a c t u a l  operating parameters. It i s  f e l t  however, that t h e  shock drag 
may present a problem worthy of consideration, if only because of t h e  






8 .o HTGS TWF”LTTJRP INSTTLATORS 
8.1 Discussion 
I n  searching f o r  e l e c t r i c a l  i n su la t ion  adequate f o r  use a t  e leva ted  
temperatures it was found that o r d i n a r i l y  ava i l ab le  literature contains  
l i t t l e  or no information regarding e l e c t r i c a l  c h a r a c t e r i s t i c s  a t  temp- 
e r a t u r e s  above approximately 160OOC (2912OF). Contact was es tab l i shed  
with Hughes Aircraf t  Company, Documentation Research Section, Culver 
Ci ty ,  Cal i forn ia ,  which i s  engaged i n  Rlectro-Physical Proper t ies  of 
Matter research under a Government cont rac t .  A similar contac t  was 
es t ab l i shed  with Purdue University, Thermophysical Proper t ies  Research 
Center. 
I n  p a r a l l e l  with t h e  l i t e r a t u r e  searches mentioned above, ACL compiled 
empir ical  data, as well  as comparisons of e x i s t i n g  published data  
concerning high temperature insu la tors .  
t abula ted  belov. 
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2 x 104 
bec ome s conduct or 
exp. upper* -- 
l i m i t  -- -- 
An examination of Table 8-1 shows t h a t  Alumina i s  eliminated because of 
i t s  low melting point,  Thoria because of i t s  poor thermal  shock charac- 
t e r i s t i c s  and low r e s i s t i v i t y ,  Zirconia because of i t s  low r e s i s t i v i t y .  
"Exact value n o t  known 
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8.1 Discussion (Cont'd.) 
O f  t he  two materials remaining, Beryllia is  c l e a r l y  t h e  better, because 
of i t s  c h a r a c t e r i s t i c  of remaining an e l e c t r i c a l  i n su la to r  t o  a higher 
temperature than Magnesia, even though t h e  Magnesia has a higher melting 
point.  
Another family of materials exhib i t ing  high melting points ,  but con- 
cerning which l i t t l e  information was ava i lab le  e l e c t r i c a l l y ,  is  t h e  
Zirconates. Table 8-2, below, lists those with high temperature 
c h a r a c t e r i s t i c s  i n  the  range of i n t e r e s t .  
TABLE 8-2 


















* R e f :  FIigh Temperature Technolo=, 'dylie, N.Y., 1956, T.E. Campbell, Ed. 
Although it i s  obvious from Table 8-1 t h a t  Zirconium Oxide, which i s  
common t o  a l l  these  compounds, i s  unsui tab le  as an i n s u l a t o r  i n  i t s  
pure form, the  degree t o  which t h e  combination of compounds a f f e c t s  
t h e i r  e l e c t r i c a l  c h a r a c t e r i s t i c s  i s  not  known. The basic  measurement 
of r e s i s t i v i t y  over a wide temperature range i s  beyond the  monetary 
scope of t h i s  pro jec t .  
should be performed t o  determine whether t he re  may be grounds for f u t u r e  
work on these  materials. 
a s  pro tec t ive  mater ia ls .  
However, it i s  f e l t  a l imi ted  inves t iga t ion  
They should a l s o  be examined for possible  use 
8.2 Oxide Insu la tors  
A s  evidenced i n  both t h e  Southern Research I n s t i t u t e  r epor t  and the  
ACL tests, i f  p resent ly  ava i l ab le  e l e c t r i c a l  insulators are used i n  a 
high temperature probe, t h e  upper operat ing temperatxrs i s  l imi ted  by 
t h e  c h a r a c t e r i s t i c  behavior of t h e  in su la to r .  That is: the  in su la to r  
becomes conductive a t  some elevated tenperature .  
There is  wide disagreement between leading a u t h o r i t i e s  a s  t o  the  exact 
mechanism of the  change i n  t h e  ceramic from i n s u l a t o r  t o  conductor. A t  
p resent ,  t he  consensus i s  preponderantly i n  favor  of Bery l l ia  as the  
most e f f e c t i v e  of t h e  oxides, and probably t h e  best of the  high temp- 
e r a t u r e  in su la to r s .  
t h e  merits of Bery l l ia ,  Magnesia, Thoria, and Hafnia were thoroughly 
In  meetings with research personnel a t  Los Alamos, 
34 
8.2 Oxide Insii lators (Cont'd.) 
discussed. 
i s  a t t a i n a b l e  with Rery l l ia  i n  appl ica t ions  of the  type under con- 
s ide ra t ion  i n  t h i s  project .  Other sources* repor t  the presence of 
even small  amounts of o the r  mater ia ls  e f f e c t s  a s ign i f i can t  change i n  
t h e  phase change temperature of t h e  i n t e r n a l  s t ruc tu re  of t h e  material. 
In  t h e i r  experience, an upper limit of 42GO0F t o  45OOOF 
The maximum temperature of e f f ec t ive  use, without degredation of 
in su la t ion  c h a r a c t e r i s t i c  i s  grea te r  by consensus, with B e r y l l i u  than 
with the  o ther  ceramics. 
8.3 Rase Tnsulation 
Since base temperatures, although r e l a t i v e l y  h i g h ,  a r e  less than those 
t o  be seen a t  the  t i p  of t h e  gauge, an e l e c t r i c a l  i n su la to r  with the  
c a p a b i l i t y  of remaining an  e l e c t r i c a l  i n su la to r  a t  temperatures less 
than the  maximum temperature a t  the  t i p ,  can be employed. 
i n s u l a t o r  for t h i s  purpose i s  Magnesim Cxide (MgO). 
o f f e r s  t h e  fol.lowing cha rac t e r i s t i c s :  
A su i t ab le  
This mater ia l  
Melting Point - 4800 - 507O0F 
Soef.  Thermal Exp. B 22OOOP - Approximately 7.7 x 104/'F 
Density - 2.5 - 2.6 d c c  
"Guide t o  Refractory Ceramics, 
Materials i n  Design Engineering Vol. 1, No. 10, PP 1 - 6, Oct. 1963 
Vole 58, NO. 1, PP 86 - 96 Eq, Research & Technology Division 
July 1963 Boll ing A F E ,  Wash. 25, D. C .  




8.3 Zase Insu la t ion  (Cont'd.) 
Res i s t iv i ty  - ohm/cm Q 250O0F - 10.5 x 103 
T h e m 1  Shock Res. - F a i r  
Hardness - 5 Mohs scale  
Tt is planned t o  use t h i s  material i n  the  f i n e l y  divided form, and 
compact it mechanically t o  a t t a i n  s u f f i c i e n t  r i g i d i t y  t o  prevent c r ea t ion  
of voids i n  the  base cavi ty .  
also provide i n t e r n a l  damping i n  an  attempt t o  avoid v ibra t ion  damage. 
Use of t h e  mterial i n  t h e  powder form may 
8.4 Gas Die lec t r ics  
One area of approach had not been given ser ious  a t t e n t i o n  u n t i l  cur ren t  
evidence indicated that a v a i l a b i l i t y  of a true high temperature in su la to r  
w a s  un l ike ly  within the  time imposed by t h i s  contract .  
t h e  e l e c t r i c a l  i n su la t ion  c h a r a c t e r i s t i c s  of o the r  materials, it w a s  
found that some materials ,  undergoing a change of state a t  600° t o  7OO0C, 
become a gas with very high d i e l e c t r i c  s t rength.  
Su l fu r  Hexhfluoride. It i s  recommended t h a t  these  materials be more 
thoroughly invest igated i n  fu ture  work. 
I n  inves t iga t ing  
One such material is 
8.5 No Insulat ion Approach 
During z previous high temperature instrumentation program conducted by 
ASL, a Tungsten vs Tungsten-26: Rhenium thermocouple w a s  used t o  measure 
tsmperatures i n  the  order of SOOOOF i n  an induction furnece. Good 
c o r r e l a t i o n  w a s  obtained between the  predicted output curve f o r  t h e  
8.5 No Insu la t ion  Amroach (Cont'd.) 
I 
present ,  are not appreciable enoligh t o  cause a deviat ion i n  output 
beyond ordinary l i m i t s  or" tolerance.  
It  w a s  planned, therefore ,  t o  set up the t e s t  run a t  c a r e f u l l y  con- 
t r o l l e d  temperatures, with angu la r i t i e s  from 180° t o  some lower l i m i t  
determined by test .  A t  the  same time, t!ie temperatiire a t  the  jirnction 
of t h e  t e s t  thermocouple w a s  monitored with a ca l ib ra t ed  standard probe. . 
T3e end object ive was t o  f ab r i ca t e  a gauge Incorporating no e l e c t r i c a l  
i n su la t ion  within the sheath.  
Ir, the  early attempts t o  run the xo-insula%ion t e s t s ,  a gross e r r o r  
i n  concept inval idated the f i r s t  rims. 13 these tests, t h e  s i rndated 
thermocouple vas loca ted  i n  s n  isothermal. zone. No errors i n  oiitput, . 
as compared with a staxdard thermocouple probe were noted. A t  f i rs t  
inspect ion,  no not ice  was taken of t he  v a l i d i t y  of t h e  setup i t s e l f .  
TJpon re-examination it was apparent t h a t  no 11sefi.d information could 
come from the  setup as made. With the  e n t i r e  t e s t  block and the  
t \ermoelectric elements a t  t he  same temperature when t h e  oven w a s  
s t a b i l i z e d ,  t he re  woiild be no temperatlire d i f f e r e n t i a l  ex i s t ing  a t  any 
poin t  i n  the  immersed port ion of t h e  system. 
The major object ive of t he  t c c t   as t:, f ind  vhether a pro3e col.rld be 




8.5 No Insu la t ion  Approach (Contld.) 
between conductors of t h e  pair i n  t h e  absence of an i n s u l a t o r  would 
not  d e t e r i o r a t e  the  output from the  junct ion t o  the  ex ten t  t h a t  the  
probe would be rendered useless.  
zone, and a t  equilibrium, a l l  p a r t s  of t h e  system would be a t  t h e  
same temperature v i t h  t h e  exception of a small d i f f e r e n t i a l  due t o  
thermal conduction along t h e  lead wires (which were of t h e  same 
material as the  thermocouple). 
of t h e  pair occurred, i n  the  isothermal zone, t he  effect would be 
i d e n t i c a l  t o  t h a t  occurring i n  a set of thermocouples hooked up i n  
p a r a l l e l .  
t h e  outputs  of a l a r g e  number of p a r a l l e l  junct ions,  a l l  a t  the  same 
temperature. Therefore, t he  setup was revised t o  include the  e f f e c t  
of  a s u i t a b l e  temperature d i f f e r e n t i a l .  
With t h e  system i n  an isothermal 
If cur ren t  leakage between t h e  l e g s  
That is, t h e  ne t  effect of t he  leakage would be t o  average 
8.6 N o  Insu la t ion  Test 
The tes t  setup used t o  perform "No-Insulation" Tests is  shown i n  
Figure 8-1. 
39 
8.6 co  Tnn~ilztion Test (Cont'd.) 
PRECISt O N  1 1 1  I POTEN TIOMET-EY 
The ceramic t e s t  block w x  provitled with l i n e s  scr ibed i n  degrees, 
from 180° t o  loo separat ion between conductors. Movable p i n s  afforded 
means of changing anpu7;rify +tlJeen +.\e thermocouple p a i r  of Tz. 
T: ixmocou~le  Ti vas a convcntional premiam grade insu la ted  p o k e ,  
~ n l  ilx--.tcii . i , -ainst  7n ":"S sccond'iry 3tand:tx-d. 3 2  r e fa rem?  junc t lon  
temperztTire was 32°F (melt ing pcJint o f  ice?. 
The me3sur~n~ :  bloclc WGS an L & 1; K-2 Potentiometer ca l ib ra t ed  to 
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8.6 No Insula t ion  Test (Cont'd.) 
Test Elock 
There was no d i sce rn ib l e  difference i n  output (wi th in  .01 mv) 
between t h e  reference thermocouple and t h e  t e s t  block pair from 
180° t o  loo angular i ty .  These r e s u l t s ,  however, were not conclu- 
sive, as the  d i f f e rence  i n  outputs due t o  Thompson e f f e c t  could 
be expected t o  increase  as a function of t h e  output, which would 
inc rease  from 7.94 mv a t  300°F t o  50.05 mv a t  1600OF. 
Appendix 3 
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9.0 VIBRATION TEST 
9.1 Discussion 
After a mock-up gauge had survived t h e  60 g, 11 millisecond shock 
test  described i n  Appendix 3, Para. 10.0, t h e  shock tests were 
suspended and t h e  t es t  f ix tu re ,  with the  mock-up mounted i n  t h e  
same manner, tws set up on an electro-mechanical vibrator .  The 
specimen was then subjected t o  a v ibra t ion  scan from 10 t o  2000 cps 
and from 2000 cps t o  10 cps w i t h  a log  sweep r a t e  i n  15 minutes. 
A s  i n  t h e  shock tes t ,  only t h e  Y-axis w a s  invest igated.  From 10 - 
30 cps, t h e  displacement was .21 inch double amplitude, and up t o  
50 g from 20 - 2000 cps. 
No resonance w a s  revealed during t h i s  test, nor w a s  there  any 
evidence of physical  damage. 
9.2 Calculat ions 
Calculat ion of t he  na tura l  frequency of such a structure yielded 
results as follows: 
Assumptions : 
Modulus of e l a s t i c i t y  - 6 x lo7 
Damping f a c t o r  - 2.5 
Density - 10.7 Oz/in3 
Length - 2.0 inches 




9.2 Cal.culations (Cont'd.) 
The exact  dynamic method was chosen f o r  t he  estimate: 
f, : na tu ra l  frequency i n  cps  
K = damping f a c t o r  (assumed = 2.5) 
L = Length, inches = 2.0 
L4 = 16 
E = Modulus of e l a s t i c i t y  = 6 x lo7 
I = * = .7854 (.135)4 = 4.91 x lo4 
G = Acceleration of  gravi ty ,  inches = 386 
4 
Tnl = Weight, lbs., = .0117 lb. 
- (2.5 2) 6 x lo7 4.91. x lo4 386 = 3100 cps fn -. 
2 1.17 x lo-* 16 
Since the  2nd and 3rd na tu ra l  frequencies a r e  a l s o  f a r  above t h e  band- 
pass of t h e  required frequency spectrum, they were not  es-timated. 
9.3 'Jibration Test 
Vibration t e s t i n g  had been performed, p r i o r  t o  t h i s  test, on a mock-up 
of the  T n e  4735 Gauge. A completed gauge had not,  however, been sub- 
j ec t ed  t o  inves t iga t ive  tests t o  determine i t s  response t o  s inusoidal  
v ib ra to ry  inputs  i n  t he  range 5 t o  2OW cps. 
The gauge t e s t e d  had been temperature cycled repeatedly from ambient 
43 
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9.3 Vibration Test (Cont'd.) 
j :  
t o  more than 5000°F. 
s t r u c t u r e  of the  sheath had, therefore ,  been fully rea l ized .  The 
p r inc ipa l  concern i n  t h i s  regard w a s  whether high temperature cycl ing 
would induce an e a r l y  f a i l u r e  i n  t he  sheath mater ia l ,  s ince  any gage 
c a l i b r a t e d  t o  the  temperatures of i n t e r e s t  would have had every oppor- 
t u n i t y  t o  r e c r y s t a l l i z e ,  and it  is  hardly 1TkeI.y t h a t  a v i r g i n  gage 
would be used i n  an appl icat ion.  
Any e f f e c t  of r e c r y s t a l l i z a t i o n  on the  physical 
During the  t e s t s ,  both input t o  the  f i x t u r e  and output a t  the g 2 p  
nut  were monitored with ca l ib ra t ed  accelerometers, over the frequency 
range and inputs  shown i n  the  data sheet  of Figure9-1. The gage w a s  
v ibra ted  a t  each resonant frequency f o r  two minutes. The resonances 
search was condmted over t he  range with a logarithmic sweep i n  45 
minutes. 
The gage was examined following t h e  t e s t .  
damage vas seen. The gage f m c t i o n  was unimpaired a s  a r e su l t  of the  t e s t .  
No evidence of s t r u c t u r a l  
The input was held t o  14 g a t  the resonances fo r  two reasons: t o  permit 
measuring the  Q of t h e  gage, and t o  prevent extreme amplif icat ion a t  t h e  
resonant points .  Table9-1below, l ists  resonant frequencies and the  
ampl i f ica t ion  f a c t o r  f o r  each. 
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9.3 Vibration Test (Cont'd.) 
Table 9-1 
AMPLIFICATION FACTOR "Q" 
Resonant Frequency Input Output Amp. Factor 






































3 - 1  
4*1 
The "Tube" r e f e r r e d  t o  i n  t h e  data shee t  i s  t h e  sheathed extension 
l e a d  wire of about 18 inches i n  length,  with a E n u t  on t h e  end. The 
r e a c t i o n  of t h i s  l ead  may have contributed t o  t h e  r e l a t i v e l y  high 
response as seen above. 
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9.4 -%c 4'700 C-aupes 
Vibration t e s t i n g  had been performed on t h e  Type 4735 gauges t o  l imi t ed  
( U g )  input l eve l s ,  as discussed previously. 
e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  of t h e  sheath materials of t he  Type 4735 
gauges within scope of work requirements, two addi t iona l  t e s t s  were per- 
formed t o  s inusoidal  input l eve l s  of 60 C, without failures, which 
exceeds t h e  objec t ive  of 50 G 10 G. The tes t  a r t i c l e s ,  methods, and 
r e s u l t s  are described below: 
I n  order  t o  more f u l l y  
t 
* <  
9.5 Test Ar t ic les  
- 
Two t es t  sheaths, each of d i f f e ren t  construct ion,  were fabr ica ted  of 
vapor deposited Tungsten, using t h e  same techniques of construct ion as 
i n  t h e  Type 4735 gauges. They are described separa te ly  as follows: 
as Gauge "A1' and l lBct f o r  ident i f ica t ion .  
9.6 Gauge lrA*l 
Gauge l lA1l  was x d e  with a biconvex cross  sect ion,  0.103 inch i n  t h e  
minor ax is ,  and 0.258 inch i n  the major axis. 
length  w a s  1.50 inches. 
t h e  t i p  was tapered 8-1/2O, i n  the major dimension and lo i n  t he  minor 
dimension. Nomlnal w a l l  thickness was .020 inch, although t h e  w a l l  
t h i c h e s s  i n  the  nonor a v i s  may have Seen as t h i n  as O.r3C)8 inch i n  
p l ~ i c e s ,  becaiiss of va r i a t ions  i n  s t r a igh tness  p r i o r  t o  f i n a l  dimensioning. 
The center  conductor was W26Re, 0.020 inch i n  diameter, vapor deposited 
Thsunported immersion 
The l a s t  inch of length from (See Figure 9-2). 
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9.6 Gauae "Arr (Cont'd.) 
i n  t h e  t i p  t o  form a junction with t h e  Tungsten sheath. 
o r t e d  over i t s  length. This gauge had not  been heated, t h e r e f o r e  it 
w a s  i n  t h e  r a w ,  o r  non-recrystallized condition. 
It was unsupp- 
Gauge rrBTf w a s  made with a tubular, symmetrical c ros s  sec t ion ,  0.123 inch 
outs ide  diameter, and a nominal 0.020 wall thickness. Unsupported 
immersion length was 1.95 inches. 
length from t h e  t i p  was tapered lo. As i n  t h e  Type "A" gauge, t h e  0.020 
inch W26Re c e n t e r  conductor was vapor deposited i n  a t  t h e  t i p ,  and w a s  
unsupported over i t s  length. 
from 2000OF t o  4300OF a t  least s i x  tiEes, and was the re fo re  f u l l y  
r e c r y s t a l l i z e d .  
(See Figure 9-2). The las t  inch of 
T h i s  gauge had been temperature cycled 
9.8 Test Method 
The tes t  gauges were c a s t  i n  Devcon "B", a dense cement, with t h e i r  
unsupported immersion length extending from t h e  cement block. The block 
w a s  t i g h t l y  clamped i n  a v ibra t ion  f i x t u r e  mounted on t h e  head of a Ling 
electrodynamic v ib ra to r .  Calibrated accelerometers mounted on t h e  head 
and t h e  gauge base vere  used t o  measure h p n t  and output acce lera t ions .  
Inputs  were increased i n  s t e p s  of 5g t o  a rrcaximum input  of 60g, a t  t h e  
resonant po in t s  found during a l o p r i t h n i c  sweep resonance search. 
9.9 Test Results Cawe IrA" 
Dining t h e  scan on Gauge "A",  resonances were observed as follows: 
Table 9-2 
Resonant Freq. 
- Axis cps G Input Max. C, Output 
Minor (Y) 1496 
Major ( X) u 9 7  
1500 
Major (X) 3268 
5 
5 - 10 




sa tu ra t ed  
260 
T i m e  a t  each G-input l e v e l  a t  resonance w a s  a minimum of 15  minutes. 
No adverse e f f e c t s  were noted during or after t h i s  test .  
9.10 Test Results, Gawe 'rB1r 
During t h e  scan on Gauge "B", one resonance a t  550 cps was noted. 
The gnuge w a s  subjected t o  inputs of 5g t o  6og a t  resonance i n  5g 
increments, and IJAS vibra ted  a t  t he  6Og l e v e l  f o r  15 rcinutes. 1'10 
adverse effects were noted during or  after t h i s  t e s t .  
9.11 Discussion 
As can be seen from t h e  descriptions of t h e  tvo  tes t  gauges given 




9.11 Discussion (Cont'd.) 
between t h e  Type 4735 gauges previously v ib ra t ion  t e s t e d ,  -and Gauges 
rrA"  and lrB1l. The f ineness  r a t i o s  of Gauges "A" and "B", however, are 
considerably l a r g e r  than t h e  Q-pe 4735 gauge. Therefore, these  t e s t s  
represent  worst case conditions and may be taken as a measure of the  
r eac t ion  of the  Type 4735 gauge sheath t o  v ibra tory  inputs  g r e a t e r  than 
those  s t a t e d  i n  t h e  scope of work. 
The major consideration f o r  t h e  tests described herein,  was the  reso- 
l u t i o n  of whether t h e  sheath material, i n  t h e  configuration used i n  
ACL Series 4700 gauges, was su i t ab le  f o r  use under a severe v ib ra t ion  
environment. 
1) 
e r a t u r e  c h a r a c t e r i s t i c  which i s  a s soc ia t ed  with a se r ious  decrease i n  
d u c t i l i t y ,  and 2)  
b r i t t l e .  
formed under adverse conditions. 
expressed by N.A.S.A., as w e l l  as others,  whether t h e  sheath material 
would f a i l  under v ibra t ion ,  and it was considered necessary by ACL t o  
prove o r  disprove t h i s  contention. 
The ques t ion  was f u r t h e r  compounded by t he  f a c t  t h a t ;  
ordinary Tungsten has a well e s t ab l i shed  r e c r y s t a l l i z a t i o n  temp- 
i n  t h e  co ld  (ambient temperature) s t a t e  i s  notoriously 
The v ib ra t ion  t e s t s  a t  ambient temperature the re fo re  were per- 
A g r e a t  dea l  of concern has been 
As a consequence of these  v ibra t ion  tests, it is  concluded t h a t  the  
sheath material, vapor deposited Tungsten, as f ab r i ca t ed  by San Fernando 
Laboratories,  Pacoima, Cal i forn ia ,  t o  ACL design configurations,  and 
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9.11 Discussion (Cont d'. ) 
processed by ACL, is s u i t a b l e  f o r  app l i ca t ions  such as  t h e  Type 
4735 gauges. - 
ACL had considered, moreover, t h a t  a l t e r n a t e  sheath types, such 
as t h e  m e  "Att and "Btl sheaths, should be inves t iga t ed  i n  t h e  
i n t e r e s t  of t h e  scope of work regarding sheath conf igura t ions  f o r  




10.0 SHOCK TEST 
10.1 Discussion 
Reaction of t h e  type of sheath, and t h e  mounting used i n  t h e  Type 4735 
I gauges t o  shock was a matter of concern, because of the  genera l ly  
b r i t t l e  nature of r e f r a c t o r y  materials. 
, I  
I 
O f  primary concern w a s  t he  
sheath itself because of t h e  s c a r c i t y  of information regarding i t s  
t e n s i l e  s t rength ,  and sec t ion  modulus. A series of shock tests was 
t he re fo re  devised t o  inves t iga te  t h e  a b i l i t y  of a mock-up Type 4735 
sheath t o  withstand t h e  shock requirement of t h i s  program. 
Contract NAS 8-5438 states, under Art i c l e  I - Scope of Work, Shock: 
50 g ' s  f o r  a period of 6 t o  l l m i l l i s e c o n d s .  The inves t iga t ive  shock 
tests were therefore,  designed t o  approach these  levels i n  con t ro l l ed  
s tages .  
"worsttf conditions;  i .e.  with the  shock applied normal t o  t h e  long 
It was decided t o  confine inves t iga t ions  a t  t h i s  time t o  the  
a x i s  of t h e  immersed por t ion  of t h e  gauge, and with t h e  c a n t i l e v e r  of 
t h e  sheath approximating t h e  immersion depth se l ec t ed  f o r  t h e  f i rs t  
group of gauges. The sketch i n  Figure 10-1 below def ines  t h e  axes of 
t h e  test specimen. 
The test  specimen was mounted on a s t a i n l e s s  steel tube, ground t o  t h e  
exac t  i n s ide  diameter of t h e  specimen. Extension i n t o  the  specimen 
was approximately .250 inch. 
specimen i n  a n  ACL Type 9335 compression f i t t i n g  which was reamed t o  




10.1 Discussion (Cont'd.) 
,290 I .D . ,  f o r  .020 inch clearance. 
with a chemically s e t t i n g  re f rac tory  cement. 
The clearance space was f i l l e d  
A sketch of t h e  specimen and fixture is  shown i n  Figure 10-2. 
shock tester, with specimen mounted, i s  shown i n  Figure 10-3. 
The 
For t h i s  p a r t i c u l a r  shock test, t h e  specimen w a s  shocked only i n  the  
Y-axis, because the  response of t h e  gauge t o  the  decelerat ion i s  most 
severe i n  t h i s  a t t i t u d e ,  and represents t he  worst case f o r  a cant i -  
levered, symmetrical beam. 
Since c h a r a c t e r i s t i c s  of t he  material  were not w e l l  known, t h e  seve r i ty  
of shock was appl ied i n  10 g increments, a t  11 milliseconds duration, 
s t a r t i n g  with 10 g. 
each shock, t he  specimen was inspected f o r  evidence of damage. 
test  schedule i s  shown i n  Table no. 10-1. 
Three shocks were appl ied a t  each l eve l .  After  
The 
I t  was o r ig ina l ly  intended t h a t  t he  specimen be t e s t e d  t o  destruct ion.  
However, when t h e  design objective of 50 g was exceeded, it w a s  decided 
t o  inves t iga te  i t s  response t o  vibrat ion,  i n  t h e  i n t e r e s t  of obtaining 
t h e  g rea t e s t  amount of information from an ex i s t ing  specimen. 
54 
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Defi.ni',ion 3f Axes 
The mock-up vas constructed a s  follows: 
on? end and f ab r i ca t ed  of +,\e same mit,erial use6 i n  t h e  4735 puges,  
was mzdc w i t h  a l eng th  of 2.8 inches, i n s ide  d i m e t e r  of .25Q inch, 
?nd wnll thickness of .TO ir.cb.. 
A Tungsten tu!.c, c losed  a t  
This p a r t  spproxiinates t h e  t ;qe of sheath t o  be employed i n  t h e  f i rs t  
prototypes,  although t h e r e  are s i g n i f i c a n t  d i f fe rences  i n  d e t a i l .  The 
c3 osed cy l inder  a! so  of fe rs  t h e  n r a c t i c a l  adv<sntaCes of sirnplicitlT, 




10.1 Discussion (Cont ' d o )  
Table 10-1 
SITOCK "EST SCFIEDULF, 











60 ll'ms. 3 
After  imposition of shocks a t  10 g, 20 g, 30 g, 40 g, 50 g, and 60 g, 
no damage was evident.  
It is  concluded, as a consequence of t h i s  t e s t ,  t h a t  there  i s  good 
evidence t h a t  a Tungsten tube, of t h e  type tes ted ,  i s  capable of 
meeting t h e  shock requirement of t h i s  pro jec t ,  This conclusion i s  
f u r t h e r  supported, when it i s  rea l ized  that t h e  geometry of t he  
prototype gauges w i l l  approach t h a t  of a cons tsn t  s t renpth  beam, 
supported a t  one end. 
56 










. ,  
" (. ' 
k 
PAGE 58 
REPORT m- T-1097 Apper U I N I M U I I ~  0 .  - 0  DATE IlMMMl 
5251 West Imperial H y  , Lor Angokr 45. Calif, OR 8 4934 
Northern California 499 Hamilton Avo , Pal0 Alto. DA 1 48 1 1 
' 




Pro tec t ive  coatings,  as applicable t o  t h i s  program, are c l a s s i f i e d  i n  
two groups, oxidation r e s i s t an t ,  and erosion r e s i s t a n t .  Many such coat- 
ings  have been developed over the  pas t  s eve ra l  years,  and a great amount 
of da ta  concerning t h e i r  c h a r a c t e r i s t i c s  has been accumulated. 
tuna te ly ,  these  data are extremely l imi t ed  a t  temperatures above 3000'F. 
The secondary e f f e c t s  of the  coatings upon the  subs t r a t e  is  a l s o  an area 
i n  which l i t t l e  information i s  thus far  avai lable .  
p ro t ec t ive  mechanisms upon which t h e  coat ings are based may be described 
a s  follows: 
Unfor- 
The general  thermal 
11.2 Ablation 
The most common types of ab la t ive  coat ings employ polymeric binders 
which undergo thermal decomposition t o  produce a f i rm porous carbon 
char ,  as wel l  as gaseous by-prodwts. 
( h e a t  Rbsorbing) , thus protect ing the  subs t r a t e  aga ins t  heat.  
e f fec t iveness  of the  process i s  measured by the  amount of hea t  absorbed 
p e r  u n i t  weight of pro tec t ive  mater ia l  used. This property var ies ,  not  
on ly  with the  thermal conductivity of t h e  material and the  temperature, 
bu t  a l s o  with o ther  more sub t l e  mechanisms working simultaneously. 






A s  i s  seen i n  the  de f in i t i on  of t h i s  l a t e n t  process, subliming materials 
n e i t h e r  melt o r  decompose, but endure a change of state d i r e c t l y  from 
t h e  s o l i d  t o  the  gaseous form. 
absorbed u n t i l  t h e  subliming material  i s  used up, a t  which t i m e  t he  
pro tec t ive  mechanism ceases. Thus, i f  t he  hea t  of sublimation, t he  
temperature and the  q2ant i ty  of the  mater ia l ,  are known, the  length  of 
time f o r  p r o t m t i o n  can h predicted. 
Large q u a n t i t i e s  of hea t  are thus  
11..4 3ecomposition and Dehvdrstion 
Vhen inorganic compounds decompose, appreciable  amounts of heat are 
absorbed. 
molecules are forced out  of t he  sal ts  by the  hea t  of hydration. 'rlater 
molecules are forced out  of the  salts by the  hea t  of hydration. :dater 
i tself  i s  an outstanding example of a hea t  absorber as it changes from 
t h e  l i q u i d  t o  the  vapor state by the  l a t en t  hea t  of vaporization. 
Hydrated salts require la rge  amounts of hea t  as the  water 
11.5 Insu la t ion  
The e f f i c i e n t  i n s u l a t o r  pro tec ts  from the e f f e c t s  of temperature by t h e  
introduct ion of a high thermal res i s tance  ( l o w  thermal conduct ivi ty)  
between the  subs t r a t e  and the  high temperature environment. Even the  
b e s t  ava i l ab le  in su la to r ,  however, can n o t  p ro t ec t  t h e  subs t r a t e  for- 
ever  because of a f i n i t e  thermal capaci ty  i n  t h e  subs t ra te .  





hea t  it i s  taken up by rad ia t ion ,  conduction, o r  convection, a t  a rate 
c o n s i s t a n t  with an acceptable temperature rise. 
11.6 Intumescence 
‘ I n t - m s c e m e  occurs vher. a protec t ive  ma te r i a l  swells and foams, upon 
eXj)osre t o  h€$ temperatrrre, t h l x  producing a small cell-ed mass, whose 
c o e f f i c i e n t  of thermal condlictivity i s  small. Addi5ion~il ly ,  t h e  exposed 
surface chars t o  afford erosion resistnrxc. These materials have mea- 
sirred c h a r a c t e r i s t i c s  as shown below i n  Table 11-1. 
They are an i n t e r e s t i n g  fc?mily of materials, and it is  f e l t  that a 
r a t h e r  hard look should be taken a t  them f o r  a possible app l i ca t ion  
i n  t h i s  p ro jec t .  
11.7 Diffused Pro tec t ive  Coatinns 
The ACL QTe 4734 gauges, produced under I!.A.S.A. Contract NAS 8-4548, 
were provided with a diffused pro tec t ive  coa t ing  on the sheath. 
materials i n  t he  coating were of t w o  general groups: 
appl ied  with a hot pack process (*Durak-E, D n a k  MG) and Si l icon ,  
appl ied  by vapor deposition. 
The 
Dis i l i c ides ,  
A l a r g e  body of data,  involving severa l  thousands of hours of test ,  
i s  ava i l ab le  from P r a t t  and Whitney, Ling-Temco-Vought, Avco, and o thers ,  
61 
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regarding t h e  d i s i l i c i d e s  of Molybdenum and Tungsten, but only t o  temp- 
eratures i n  the  order of 3000°F, i n  ox id iz ing  media. 
Ear ly  tests performed a t  N.A.S.A., Huntsvil le,  on a few of t h e  Type 
4734 gauges, were productive, i n  that t h e  gauges operated successfully,  
f o r  s h o r t  periods of t i m e .  Two of the  gauges, thus  t e s t ed ,  were t rans-  
mi t ted  t o  ACL on 25 Ju ly  1963, and were examined. 
be sa id ,  on t h e  basis of a f i rs t  look, that the  p ro tec t ive  coa t ings  
held up q u i t e  w e l l .  
In  general, it can 
Tests previously performed a t  ACL, i n  a highly oxidizing medium a t  temp- 
e r a t u r e s  from ambient to approx imte ly  4000°F revealed t h a t  t h e  d i s i l i c i d e  
coa t ing  protected tho p u g e s  fo r  a t o t a l  of 19 minutes, during s ix  cycles,  
and f o r  2 minutes a t  near 6nnOOF i n  a reducing medium f o r  one cycle.  
11.8 Pro tec t ive  Coatings, Research Summary 
Ear ly  i n  t h i s  program, it was rea l i zed  t h a t  a ser ious  problem ex i s t ed  
i n  r e t a rd ing  oxidation of Tungsten. A t  t he  time, t h e  state-of-the-art  
was not w e l l  known. This area of endeavor, consequently, has received 
a p e a t  dea l  of a t t en t ion .  
has  been made and the  r e s u l t s  of t he  search tabulated.  
Only data t h a t  has been subs tan t ia ted  by t e s t  i s  reproduced i n  t h i s  
t a b l e .  
t u r e r  t o  have a p ro tec t ive  qua l i t y  a t  temperatures over 3000°F, were 
An extensive review of published l i terature  
(See Table 11-2) 
E a r l i e r  tests a t  ACL of such mater ia l s ,  claimed by t h e  manufact 
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I 
disappointing i n  t h e  extreme. 
I n  researching t h e  r epor t s  from which t h e  data i n  Table 11-2 was taken, 
it became apparent t h a t  very l i t t l e  had been done toward t ak ing  data a t  
temperatures above 4000°F, probably because t h e  research  programs were 
o r i en ted  toward long term oxidation r e s i s t ance  for s t r u c t u r e s  a t  r e -en t ry  
temperatures, r a t h e r  than shor t  term res i s t ance  f o r  components, a t  high 
temperatures. 
I n  o the r  work reviewed, t h e  degradation of s i l i c i d e  coa t ings  a t  oxygen 
pressures  from .1-76mm w a s  studied by LMSC. 
p ressure  a i r ,  a p a r t i c u l a r  coating had a l i f e  of 2 hours, a t  2700°F, 
but  a t  one atmosphere, it l a s t e d  15  hours. 
appeared t o  be r e l a t s d  t o  t h e  evaporation of Si0 under high temperature, 
low pressure conditions. 
f i l m  appears t o  be s t a b l e  is  5m 02. 
I n  high velocity, low 
The f a i l u r e  mechanism 
The lowest oxygen pressure a t  which t h e  Si02 
LMSC a l s o  inves t iga ted  coa t ings  for r e -en t ry  bodies a t  3000OF t o  4500OF. 
Their recommendation w a s  for spray-coating of t h e  W subs t r a t e  wi th  non- 
r e a c t i v e  oxides, using the  oxide as a barrier t o  high ve loc i ty  a i r ,  t o  
reduce oxygen pressure a t  t h e  subs t r a t e  surface t o  a l e v e l  such t h a t  
oxidation rate i s  not a se r ious  shor t  term consideration. Tests of t h i s  
technique a t  3000OF and 5mm 02 r e su l t ed  i n  an  increase i n  l i f e  in high 
v e l o c i t y  a i r  from 8 minutes with uncoated Mo t o  30 minutes with a 
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11.8 Pro tec t ive  Coatings, Research Siimmaw (Cont'd.) 
1.0 m i l  coa t ing  of ZrO2. 
Many researchers exhib i ted  i n t e r e s t  i n  3 composite of r e f r a c t o r y  
carb ides  and Tungsten. mica1 of these  i s  TaC-V, Aerojet-General 
r e p o r t s  t h a t  r eac t ion  between these  two materials occurred after 2 minutes 
st 5400OF. 
low as 516O0F. 
of  W-TaC a t  4980°F. 
General Telephone reported t h a t  e u t e c t i c  formation occurs as 
All.ison Division, Z.M.C. r e p o r t s  t h e  r eac t ion  temperature 
The consensus of t h e  research  groups seems t o  be t h a t  the  coating 
exh ib i t i ng  t h e  most promising c h a r a c t e r i s t i c s  f o r  sho r t  term use a t  
temperature l e v e l s  above 3r300°F a r e  modified d i s i l i c i d e s ,  composites, 
2nd t h i n  coatings of high re f rac tory ,  non-reactive oxides. 
11.9 F1i.h Tem?erature Reaction: Oxides, N i t r ides  and Carbides vs Tuncsten 
One of t h e  t a sks  imposed i n  t h i s  con t r ac t  is  t o  inves t iga t e  "the r eac t ion  
of oxide coa t ings  wi th  Tungsten i n  r e l a t i o n  t o  t h e  emf output". 
Inves t iga t ion  has been i n  progress s ince  t h e  inception 
This 
of t h e  cont rac t .  
I n  comparing results obtained by various researches,  Table 11-3 i s  
presented incorporating data, not only regarding t h e  oxides, but o ther  




11.8 Protect ive Coatings, Research Summaw (Cont' d. ) 
Table 11-2 
SUMMARY OF OXIDATION RESISTANT COATINGS 
OF MAX 
C O A T I N G  m MIL "YKNS T%P HRS LIFE TGSTED BY 
P t  AMF 5 3000 5 AMF 
Diffusion AMF U 2800 10 AMF 
( TJndent i f  ied)  u 3200 3-4 
w-2 Chromalloy n 2700 60 Chromalloy 
si C T & E  3 -4 3300 0 -- 10 G T & E  
Si-A G T & E  3-4 33m -- 10 G T & E  
Si-R G T & E  2 3300 -- 10 G T & E  
, .  
Oxides (Z1-02, 1 min. LMSC 
Th02,BeO,HfO2) LMSC 10-30 3992 Fa i lure  by Oxidation 
Boron ?Titri.de 
( qVrolytic) A. D. L i t t l e  U 3272 U A . D . L i t t l e  
Chromizing 
Dumk MGF Crop. ?J 4630 13 min.  U 
Harvey 
Aluminum Ta -F? f 0 2 5 0 Tho2 







Reds t on e 
Arsenal 35 min. 
S i 1  i c  i d e  , 
Unmodified G T & T  3 3272 11-16 G T & T  
S i l i c i d e  #1 
Modified G T & T  3 3272 19-26 G T & T  
S i l i c i d e  #2 
Modified G T & T  3 3272 20 G T & T  
Sn-A1 G T & T  U 2000 8 
Binary Repx5lic Re pub1 i c  
Alwninidc .4v i a  t i on IT 3 500 2.5 Aviation 




11.9 YiEh Temperature Reaction: Oxides, N i t r ides  and Carbides vs Tunvsten 
( C ont  d . 1 
The consensus seems t o  be t h a t  t h e  r e f r ac to ry  oxides, with the  exception 
of MgO, are genera l ly  unreact ive with Tungsten. 
The r e f r ac to ry  carb ides  and n i t r i d e s  would be of l i t t l e  use a s  coat ings 
on Tungsten a t  temperatures above the  melting poin ts  of t h e  eu tec t i c s ,  
o r  a t  temperatures near  those a t  which reac t ion  was noted, 
be s t a t e d  i n  general  that above 500OF t h e  oxides are indica ted  but t h a t  
some carbides  and n i t r i d e s  would be of use below 5000OF. 
It can thus  
The tests were run on "ungsten f o i l  which, having been mechanically 
worked, probably e x h i b i t s  a grain s t r u c t u r e  much l a r g e r  than the  e l ec t ro -  
chemically formed sheaths  of the Type 4735 gauges. Therefore, t h e  i n t e r -  
ac t ions ,  p a r t i c u l a r l y  those associated with d i f fus ion ,  m y  be qu i t e  
d i f f e r e n t .  The data ,  i n  Table 11-3, being e s s e n t i a l l y  q u a l i t a t i v e  i n  
nature ,  does not  e s t a b l i s h  working ranges for the  materials, but does 
serve as a basis upon which t o  predicate  d i r e c t e d  e f f o r t .  
The effect of r eac t ions  of Tungsten with the  oxides on the  emf  output 
of t h e  gauge is not necessar i ly  a s t r a i g h t  forward funct ion of temp- 
e ra tu re .  From Table 11-3 it could be i n fe r r ed  t h a t  the  non-reactive 
r e f r a c t o r y  oxides could be used with impunity to temperatures w e l l  above 
5000°F. 
chemical reac t ion .  'Jsed on the e x t e r i o r  of t he  gauge, Thoria, Zirconia,  
The effect however m y  occur i n  mechan€sms o ther  than those of 
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11.9 Yiah Temperature Reaction: Oxides, N i t r ides  and Carbides vs Tungsten 
(Cont d. ) 
Table 11-3 
REACTION OF TIRJGSTEN WITH OXIDES, NITRIDES AND 
CARBIDES AT ELEVATED TEMPERATURES 
Mater ia l  Reaction 
Tho2 






H f O Z  
T i N  
Z r N  
TaC 
H f  C 
Z r C  
( Ta-20Hf) C 
No react ion a t  5430°F 
No reac t ion  a t  5430°F 
Non reac t ive  t o  4200°F 
‘Antirely reacted a t  453OOF 
Not r eac t ive  a t  543O0F 
Vaporizing, but no o the r  reac t ion  a t  5430°F 
No react ion a t  543OOF 
Sl ight  i n t e rd i f fus ion  a t  52.&0°F 
S l igh t  reac t ion  a t  52L+OoF 
Severe i n t e r f a c e  i r r e g u l a r i t i e s  a t  54.3O0F 
W-TaC eutectic melted a t  5160OF 
W-IIfC e u t e c t i c  melts about 5070OF 
GJ-ZrC e u t e c t i c  m e l t s  below @9O0F 
W-( Ta-2OIf)C e u t e c t i c  melts below 4890°F 
The work r e s u l t i n g  in most of the information i n  Table 11-3 w a s  performed 
by General Telephone Electronics  Labs. Others agree e s s e n t i a l l y  with 




11.9 Yiph Tenneratirre Eeaction: Oxides, IJ i t r ides  and Carbides vs Tur,rsten 
(Contl d. ) 
Yttria and !iafnia would not react .  If they were not appl ied uniformly, 
however, the  heat ing r a t e  through t h e  coat ing would be d i f f e r e n t  and an  
e r r o r  i n  output could r e s u l t .  If t h e  coa t ing  thickness w a s  too  grea t ,  
cracking and separat ion could occur, r e s u l t i n g  i n  e r r o r s  due t o  non- 
mi fo rm rad ia t ive  and c o n d x t i v e  losses ,  as w e l l  as l o s s e s  due t o  m e l t -  
i ng  of the  r e su l t an t  oxides of Tungsten. Used in t e rna l ly ,  as e l e c t r i c a l  
i n su la to r s ,  the  oxides vould perform l i k e  those used ex terna l ly ,  except 
t h a t  t h e m  would be less effect of l o c a l  increases  of temperature due t o  
s tagnat ion of t he  medium. The greatest e r r o r s  are more l i k e l y  t o  occur 
became of the  increase i n  e l e c t r i c a l  conduct ivi ty  associated,  i n  these  
mater ia l s ,  w i t h  high temperatures. 
amoEg researchers  as t o  t he  changes i n  e l e c t r i c a l  conduct iv i t j ,  the  
Although there  i s  some disagreement 
consensus seegs t o  be t h a t  t he  Zirconia, IIafnia and Yttria, although 
more r e f r ac to ry  than  Rcryllia, become conductive a t  a lower temperature. 
L i t t l e  information i s  ava i lab le  concerning Uranian Oxide i n  t h i s  regard. 
11.10 Oxidation Tests 
11.11 Preliminary Test 
Soncurrent with e a r l y  ca l ib rz t ions  a preliminar-,r look a t  oxidat ion 
c h a r a c t e r i s t i c s  of the  vapor deposited Tungsten wcs taker,. 






11. 'hl Preliminary Test (Cont d. ) 
Weight of t h e  s lug  p r i o r  t o  t h e  run was 9.34 grams, after a two hour 
run, t h e  weight increased t o  9.61 grams; an increase  of .27 grams, o r  
2.8%. Assuming t h e  increase  i n  weight is  a t t r i b u t e d  t o  t h e  formation 
of W2 03, a loss of t h e  parent metal t o  t h e  formation of t h e  oxide of 
about one g r a m  per  hour was experienced. 
Since t h e  oxidation rate can be expected t o  increase  r ap id ly  with temp- 
e r a t u r e ,  and add i t iona l ly  with the  percent 02, a conclusion could not 
be drawn a t  t h a t  t i m e ,  as t o  t h e  rate of oxidation i n  use. 
11.12 Oxidation Effects Type 4735 CauRe S e r i a l  No. 001, 300O0F 
A r ecap i tu l a t ion  of oxidation t e s t s ,  See Table 11-4, including a run 
t o  des t ruc t ion ,  shows 1: hr.  37 min. running t i m e  up t o  2000OF, 25 min. 
a d d i t i o n a l  running t i m e  from 2000OF t o  300O0P. See Figure 11-1. 
The sheath material i n  t h e  S e r i a l  No. 001 probe was elemental Tungsten, 
.O3O inches w a l l  t h i c h e s s .  No pro tec t ive  coa t ing  w a s  employed. The 
mock-up used i n  v i b r a t i o n  tests, f ab r i ca t ed  of t h e  same material, but 
wi th  a w a l l  thickness of -010 inch was then subjected t o  a run t o  
des t ruc t ion  i n  t h e  same tes t  setup used with t h e  001 probe. 





11.13 Oxidation Tests, 300O0F t o  450OOF 
One Type 4?35 sheath assembly, previously used in lead  w i r e  c a l ib ra t ions ,  
and response tests w a s  subjected t o  oxidation tests within t h e  temperature 
range of t h e  ca l ib ra t ions .  Following t h e  ca l ib ra t ions ,  t h e  gauge was 
run t o  des t ruc t ion  i n  an oxy-acetylene burner. 
running, t h e  gauge was examined f o r  evidence of de t e r io ra t ion .  
thermocouple continued t o  operate t o  a t  least 4500OF. 
exposure was for 38 minutes. 
about 4600°F, as observed with t h e  o p t i c a l  pyrometer. 
t h e  t i p  of t h e  gauge oxidized away. 
i n  t h e  t i p  of t h e  probe during t h i s  test. 
After each cyc le  of 
The 
A t  3000°F, t h e  
The temperature was then increased t o  
After s ix  minutes, 
Electrical  in su la t ion  w a s  not used 
Microscopic examination of t h e  probe t i p  showed t h e  t y p i c a l  glassy 
mater ia l  assoc ia ted  w i t h  Tungsten d i s i l i c i d e .  
t h e  s i l i c o n i z i n g  process apparently doubles t h e  l i f e  of t h e  probe, as 
compared with an uncoated probe. 















Oxidation Effects Type 4735 Gaupe Ser i a l  Xo. 001, 300O0F (Cont'd.) 
Table ll-6 
RUMXING TIIT? AT "P%ATTJRE 






















t o  
213O0F 
2768OF 






t o  
3182'F 
2966OF 
t o  
?929'F 
2966OF 
t o  
3029OF 














S l igh t  oxidation 
Argon 
S l ight  oxidation 
Air, blue & purple oxides 
50% Argon, 50% A i r ,  
blue & purple oxides 
more pronowxed 
my- Acetylene 3urner , 
yellow and green 
oxides s t a r t e d  t o  form 
Yellow oxides more 
proriounced 
Yellow oxide formation, 
erosion apparent on 1st 
1/211 of t i p .  h t p s t  good 
Yellow oxide formation, 
probe stl'll functions.  - 
Tleavy oxid3. t ion , 
output dropped o f f  a t  






11.12 Oxidation E f f e c t s  Type 4735 Gauge S e r i a l  No. 001, 3000OF (Cont'd.) 
Table 11-5 
RUNNING TIME AT TFMPEMTURE 
MOCK-UP GAUGE 
Run  Time 
Per Run 






RUn Total  Run Time 
Temp OF Mh. Sec. 
2500OF 





to 6 00 
2600~ F





Green and yellow 
oxides forming 
Heavy formation 
of green and 
yellow oxides 
H e a v y  yellow oxides 
formed, probe 
f a i l e d  

